We have used DNAase I footprinting and the gel mobility shift assay to study proteins which bind to promoter elements located between -140 and -382 upstream of the human A gamma globin gene. Footprints are found with both erythroid and nonerythroid nuclear extracts at three sites: from -294 to -264, -242 to -227, and -189 to -172 from the transcription initiation site. An erythroid-specific footprint is identified from -194 to -189. We demonstrate that two known transcription factors, the ubiquitous octamer-bindlng protein OTF-1 and the erythroid regulatory factor NFE-1, bind to the -194 to -172 region and that their footprints overlap. Binding of OTF-1 to this region is reduced by a mutation at -175 associated with a form of non-deletion hereditary persistence of fetal hemoglobin. We conclude that OTF-1 may compete with NFE-1 for the -175 binding site, possibly functioning as a repressor of gamma globin transcription.
INTRODUCTION
The human beta-like globin genes are a model system for the study of the regulation of eukaryotic transcription, since they represent a family of genes which are expressed in a tissuespecific manner and are switched on and off in succession at specific developmental stages. There are two switches during development, the first occurring in early fetal life, when the transcription of the epsilon globin gene is switched off and replaced by that of gamma globin; the second occurs shortly following birth, when gamma globin synthesis is replaced by that of beta globin. In cultured cell lines, globin transcription is also inducible with a variety of chemical compounds (e.g. hemin or DMSO) (for review, see 1).
The regulation of transcription has been shown in other systems to be controlled by the sequence-specific binding of regulatory proteins to promoter and enhancer elements (2) (3) (4) . The level of transcription is thought to be controlled by the interaction of the promoter and enhancer-binding factors with other regulatory proteins (4, 5) . Almost all of the proteins identified to date which bind to globin regulatory elements are ubiquitous factors present in a variety of tissues and throughout development (6 -10) . An erythroid specific DNA-binding protein, variously termed NFE-1 or GF-1 in mammals or Eryfl in chickens, has been recently identified (9, 11) , and since this paper was originally submitted, its cDNA has been cloned from both mouse and chicken libraries (12, 13) . NFE-1 appears to be a transcriptional activator, but is present throughout development and seems to serve in the general activation of erythroid-specific genes, rather than in hemoglobin switching (13, 14) . In the chicken system a 'stage selector element' has been described in a globin promoter (15) , and a stage-specific regulatory protein has been recently identified (16) . The factors responsible for the switch from fetal to adult globin synthesis in mammals, however, remain uncharacterized.
In this report, we examine the role of proteins in human erythroleukemia (K562) cells which bind to DNA upstream from the human A Gamma globin promoter, from -140 to -382 from the transcription initiation site. This region is of interest since there are a number of naturally occuring point mutations in humans, at -175 (17,18), -158, -196, -198 and -202 (1) which are associated with the abnormal persistence of gamma globin expression into adult life (non-deletion hereditary persistence of fetal hemoglobin, or HPFH). It would be expected that promoter mutations might affect the binding of regulatory proteins, and an understanding of these molecular events might help clarify the mechanism of the fetal to adult hemoglobin switch. We show that two transcription factors, NFE-1 and OTF-1, bind to overlapping sites in the -175 region, and that the -175 HPFH mutation results in decreased binding of OTF-1.
MATERIALS AND METHODS

Growth of Cell Lines and Preparation of Nuclear Extracts
The human erythroleukemia cell line K562 was grown in RPMI 1640 medium with 10% fetal bovine serum (FBS). For induction, log phase cells were cultured in the presence of 20 micromolar bovine hemin (Sigma) and the cells were harvested after 4 days. HeLa cells were grown in spinner culture in Joklik's minimum essential medium (Flow Labs) with 10% FBS. EL-4 cells were grown in RPMI 1640 medium with 5% FBS and 50 micromolar 2-mercaptoethanol.
Nuclear extracts were prepared as described (19) with no modifications except for the addition of leupeptin, pepstatin and aprotinin (1 microgram/ml each) to all solutions to inhibit proteolysis.
Fractionation of K562 Nuclear Extract on Heparin Sepharose
A column with a 65 ml bed volume (2.6 x 12 cm) of heparin sepharose (Pharmacia) was prepared according to the manufacturer's instructions. Approximately 60 mg of crude K562 nuclear extract was passed over the column in buffer A (50 mM Tris-HCl pH 8.0, lmM EDTA, 10% glycerol, 1 mM DTT, 0.2 mM phenylmethanesulfonyl fluoride, and 1 microgram/ml aprotinin, leupeptin and pepstatin) (20) containing 50 mM (NH^SCv, at a flow rate of 10 ml/cm 2 -hr. The flow-through peak was collected, and protein bound to the column was eluted in steps with buffer A containing 200 mM, 300 mM and 400 mM (NH^SCv Protein from each elution step was precipitated by the addition of 0.35 g/ml solid (NH^SC^ and resuspended in a small volume of buffer D (20 mM HEPES-KOH pH 7.9, 0.1 M KC1, 0.2 mM EDTA, 20% glycerol, 0.5 mM DTT, PMSF, aprotinin, leupeptin, pepstatin) (19) . The samples were then dialysed exhaustively against buffer D, divided into small aliquots, frozen in liquid nitrogen and stored at -135 degrees C. OTF-1 binding activity was in the 0.2 M fraction, while most DNA-binding proteins were present in the 0.4 M fraction (data not shown).
Preparation of DN A probes and Competitor Oligonudeotides
The probe for DNAase I footprinting was an NcoI-StuI restriction fragment from -140 to -382 upstream from the A gamma globin cap site. The probe was 5' end-labeled on the non-coding strand with T4 polynucleotide kinase (21) . A 5' end-labeled HaelTJ-Avail restriction fragment extending from -161 to -203 was used for the gel mobility shift assays. For the competition mobility shift assays, competitor oligonudeotides and their complementary strands were purchased from Genetic Designs, Houston, TX. Complementary strands were annealed in TE buffer by heating to 85 degrees C for 2 minutes, then incubating for 15 minutes each at 65, 37, 21 and 0 degrees.
Gel Mobility Shift Assay
The mobility shift assay was performed essentially as described (22, 23) . Ten microliters of crude nuclear extract containing 20 micrograms of protein (5 to 10 micrograms when using heparin sepharose-fractionated protein) was mixed with 10 microliters of binding buffer (10 mM Tris-HCl pH 8.0, 5 mM MgCl 2 , 100 mM KC1), 1 to 4 micrograms double-stranded poly (dl-dC) competitor DNA (Pharmacia), and 10,000 CPM (approximately 0.1 ng) of 5' end-labeled DNA probe, and incubated on ice for 30 minutes. The reaction mixture was then loaded directly on a 5% polyacrylamide gel and electrophoresed with 0.5X TBE (21) at 200 V for 1 to 3 hours at room temperature. The gels were then dried and analyzed by autoradiography.
DNAase I Footprinting
DNAase I footprints were performed essentially as described (24), with modifications. One microliter of an end-labeled DNA fragment (approximately 0.5 ng) was added to a reaction mixture containing 13 microliters of nuclear extract in buffer D (see above), 10 microliters of footprint buffer (25 mM HEPES-NaOH pH 7.9, 80 mM NaCl, 12.5 mM MgCl 2 , lmM DTT, 10% glycerol and 0.1 mg/ml BSA), and one microliter of doublestranded poly (dl-dC) competitor DNA. For crude nuclear extracts, 40 micrograms of protein and 4 micrograms of poly (dl-dC) were used in the incubation mixture, which was treated with 50 ng of DNAase I (Worthington) for 5 min on ice. For heparin sepharose fractions, 20 micrograms of protein was incubated with 1 microgram of poly (dl-dC), and the reaction mixture was treated with 10 to 15 ng of DNAase I for 5 minutes on ice. Control reactions contained no poly (dl-dC) and were treated with 5 ng DNAase I for 5 min on ice. DNAase I was stored at -20 degrees C as a 2 mg/ml stock solution in 20 mM Tris-HCl pH 7.5, 1 mM MgCl 2 and 50% glycerol. cleavage product of the protein represented by band B (as has been previously suggested (8)).
RESULTS
DNAase I Footprinting Using Erythroid and Non-Erythroid Nuclear Extracts
Footprinting of Partially Purified NFE-1 and OTF-1
In order to better characterize the binding sites of OTF-1 and NFE-1, we first separated them by chromatography of crude K562 nuclear extract on heparin sepharose. As seen in figure  4 , OTF-1 binding activity elutes from the column with 0.2 M ammonium sulfate, while NFE-l activity elutes with 0.4 M ammonium sulfate. We then compared the footprint of the 0.2 M fraction with the 0.4 M fraction using the same probe as in figure 1. Figure 5 shows that the NFE-1 and OTF-1 footprints partially overlap, the 0. is possible that proteins which interact with these upstream sites may have been removed during purification, although all of the known sequence-specific DNA-binding proteins that we have attempted to purify elute in either the 0.2 M or 0.4 M fractions (data not shown).
The -175 HPFH Mutation Results in Decreased Binding of OTF-1 to its Recognition Site
To determine the effect of the -175 HPFH mutation on the binding of NFE-1 and OTF-1, we employed the gel mobility shift Nucleic Acids Research, Vol. 18, No. 8 1981 Octa -175 M assay using unlabeled competitor oligonucleotides. Figure 7 shows that band A (which represents OTF-1) is competed away by the -187 to -170 oligonucloeotide containing the wild type octamer (ATGCAAAT) sequence (as in fig. 3 ), but not by the same oligonucleotide containing the -175 T to C mutation. In addition, direct binding studies using the -175 mutant oligonucleotide as a probe show a marked reduction in the intensity of band A relative to the wild-type probe (not shown).
DISCUSSION
By comparing the DNAase I footprints of partially purified NFE-1 and OTF-1 we have obtained evidence that NFE-1 binds to a site upstream from but overlapping with the binding site for OTF-1. The two binding sites have a 15 base pair region in common, from -189 to -175. In addition, we show that NFE-1 binds only very weakly to a degenerate (6 out of 8 match) NFE-1 recognition sequence just downstream from the octamer sequence. This recognition site has the -175 nucleotide in common with the octamer sequence. These data are summarized in figure 6 . Competition experiments show that a -187 to -170 oligonucleotide with the -175 HPFH mutation has decreased affinity for OTF-1 compared to an oligonucleotide with the wildtype sequence ( figure 7) . Since the submission of this paper, a number of groups have published data on DNA-protein interactions in the -175 region, using the gel mobility shift assay, DNAase I footprinting, methylation interference and transfection of genes with normal and mutant gamma globin promoters into mammalian cells (14, 25, 26) . The results of these and earlier reports (8, 27) have been somewhat conflicting, particularly concerning the size and position of the respective footprints for OTF-1 and NFE-1. Previous studies have shown footprints of the two binding activities in the -175 region by eluting the different bands from a gel shift assay and cleaving the bound DNA using the copperorthophenathroline method (8) . These studies show that gel shift bands in both erythroid and non-erythroid nuclear extracts correspond to a footprint over the octamer sequence, extending from -184 to -171, while erythroid specific binding activity shows an upstream, overlapping footprint protecting nucleotides -191 to -180.
Two other groups performing DNAase I footprints of this region have separated the octamer-binding protein (OTF-1) from the erythroid-specific binding activity (NFE-1) by fractionation of K562 nuclear extracts on heparin sepharose columns (14, 25) . Both groups report similar findings: the OTF-1 footprint covers the octamer sequence, extending from -190 to either -174 (14) or -168 (25) , while the NFE-1 footprint is much larger than previously reported (8), extending both 5' and 3' from the OTF-1 footprint and covering a potential downstream NFE-1 recognition site.
Our results differ from these latter two reports. We demonstrate a footprint for NFE-1 similar to that originally described (8), upstream from and overlapping with the OTF-1 footprint. Our studies show that the potential downstream NFE-1 recognition sequence is bound only very poorly, if at all, by NFE-1. This interpretation of the footprinting data is supported by the gel shift in figure 3 , which demonstrates that an oligonucleotide containing the octamer sequence and the downsteam NFE-1 recognition sequence does not compete the NFE-1 binding activity of the -203 to -161 probe, even in 100-fold molar excess. These results may be explained by the 8 of 8 nucleotide match of the upstream NFE-1 recognition sequence with the known consensus recognition sequence for NFE-1 (9), as compared to only a 6 of 8 match for the potential downstream NFE-1 sequence.
While there is general agreement that the -175 T to C mutation significantly reduces OTF-1 binding, the affinity of NFE-1 for the -175 region has been variously reported to be increased by the mutation (27) , or to be unaffected by it (8, 26) . In addition, Martin et al (14) suggest that the mutation may alter the way in which NFE-1 binds to the gamma globin promoter. By comparing footprints of affinity-purified NFE-1 on wild-type and -175 mutant probes, these studies show that with the -175 mutation the downstream NFE-1 recognition sequence is no longer protected. This report (14) also indicates that mutations in the octamer binding sequence other than at the -175 position abolish OTF-1 binding but do not alter the level of transcription of reporter genes linked to these mutant gamma globin promoters when transiently expressed in erythroid cell lines. These data suggest that OTF-1 does not mediate the increased expression of gamma globin in this form of HPFH, and that OTF-1 may not act as a repressor of gamma globin transcripton by blocking NFE-1 binding, as has been proposed by other groups (8, 26, 27) . Alternatively, it was suggested that the conformational change in NFE-1 binding following the mutation may mediate the elevated level of gamma globin transcription (14) .
Our data conflict with this interpretation, since we demonstrate that the downstream NFE-1 recognition sequence is bound only very poorly by NFE-1, even without the -175 mutation. Thus, our data are consistent with a competition between octamer and NFE-1 proteins for binding in this region. We do not exclude the possibility, however, that the -175 mutation may directly affect NFE-1 binding. We are currently using purified octamer and NFE-1 proteins to futher define these interactions.
